ABSTRACT: Although climate envelope models are used increasingly to predict the response of species to climate change, these models may perform poorly when species are comprised of locally adapted populations with differing environmental tolerances. Despite this concern, little is known about how tolerance traits vary across a species' geographic range. In this study, we tested whether the upper thermal limits of a direct-developing intertidal snail, Nucella canaliculata, varied among populations distributed along the northeastern Pacific coast. Snails from 7 sites in central California, northern California, and Oregon (USA) were reared through 2 generations in a common laboratory environment to minimize the potential influence of field acclimatization and other non-genetic effects. Laboratory assays of acute lethal temperature tolerance (LT 50 ) indicated that newly hatched N. canaliculata from central California were less heat tolerant than their conspecifics from Oregon. These differences in upper thermal limits likely have a genetic basis and are consistent with a mosaic of potential thermal stress in rocky intertidal habitats along the northeastern Pacific coast. In particular, some northern sites experience longer exposures to stressful midday low tides than southern sites, due to variation among regions in the timing of low tides. Persistent regional differences in tidal regimes, climate, and other environmental factors may act as selective forces that influence the physiology of intertidal species with broad latitudinal ranges. The resulting geographic distribution of thermally tolerant genotypes may be spatially complex, and may thus alter predictions regarding the effects of climate change on local extinctions and species' geographic range shifts.
INTRODUCTION
As evidence of the ecological effects of climate change becomes increasingly apparent (Parmesan & Yohe 2003 , Parmesan 2006 , 'climate envelope' models have emerged as a promising approach for predicting the response of species to ongoing changes in environmental conditions (Pearson & Dawson 2003 , Guisan & Thuiller 2005 . These models define a species' climate envelope either by correlating its current geographic distribution with contemporary climatic conditions, or by mechanistically determining its ecophysiology in relation to various environmental variables (Pearson & Dawson 2003 , Hijmans & Graham 2006 . These requirements are then projected onto scenarios of future climate change to predict range expansions, range contractions, and extinction risks (Thomas et al. 2004 , Araújo et al. 2006 . In some cases, climate envelope approaches may fail to accurately predict responses to climate change, because these models neglect other non-climatic processes that can influence species' geographic distributions (Pearson & Dawson 2003) . Recent discussions suggest that an additional limitation of climate envelope models is that they assume that environmental tolerance is homogeneous throughout the geographic range of a species and thus ignore the existing adaptive differentiation of populations to local environmental conditions (Davis & Shaw 2001 , Harte et al. 2004 . Although this information may be critical for correctly predicting local extinctions and range shifts in response to increasing global temperatures (Davis & Shaw 2001 , Harte et al. 2004 , Aitken et al. 2008 , O'Neill et al. 2008 , little is known about how environmental tolerance traits vary among populations across a species' geographic range for most taxa (but see review by Savolainen et al. 2007) .
Intertidal marine organisms are thought to be particularly vulnerable to global warming, because some of these species appear to be currently living near the edge of their upper thermal limits with little ability to further increase heat tolerance through acclimation (Stillman 2003 , Somero 2005 . However, studies of these animals have historically measured the physiological traits of individuals collected from one or a few locations, and it is unclear whether spatially separated populations have evolved differential tolerances to their varied local environments. Recently, intraspecific differences in physiological traits among populations have been compared over broad latitudinal scales (Sorte & Hofmann 2004 , Osovitz & Hofmann 2005 , Sagarin & Somero 2006 , Place et al. 2008 . Although these studies have identified important macrophysiological variation among populations, it is unclear whether these phenotypic differences resulted from acclimatization to varied physical conditions, or whether genetically-based differences exist among geographically separated populations.
In this study, we examined whether geneticallybased differences in upper thermal limits exist among populations of the channeled dogwhelk Nucella canaliculata, an intertidal snail found along the Pacific coast of North America from central California to Alaska, USA (Sanford & Worth 2009 ). This snail has direct development with crawl-away juveniles that hatch out from benthic egg capsules. Adults are restricted to wave-exposed habitats on rocky shores and rarely migrate across the sandy habitats that typically separate rocky headlands along the coast. The low dispersal potential of this species, resulting from its lack of a planktonic larval phase and restricted adult migration, is corroborated by molecular data indicating low gene flow among populations (Sanford et al. 2003) . This restricted genetic exchange among N. canaliculata populations may allow spatial variations in selection to overcome the homogenizing effects of gene flow, resulting in adaptive genetic differentiation among local populations (Grosberg & Cunningham 2001) . Recent work has documented genetically-based differences in predation ability among populations of N. canaliculata (Sanford & Worth 2009 ).
Coastlines are often characterized by strong latitudinal gradients in abiotic and biotic factors (Schoch et al. 2006) . Although ambient water and air temperatures are generally expected to increase with decreasing latitude, Helmuth et al. (2002 Helmuth et al. ( , 2006 showed that the body temperatures of the intertidal mussel Mytilus californianus do not vary monotonically with latitude along the northeastern Pacific coast. Instead, thermal stress in rocky intertidal habitats varies in a mosaic pattern along the coast depending on the timing of summer low tides at different locations: some northern 'hot spots' (Oregon and Washington) with extreme midday low tides in the summer are more thermally stressful than some southern sites (central California) where the lowest tides occur during the night.
Here, we hypothesized that geographic variation in thermal regimes along the northeastern Pacific coast has selected for genetic differences in the upper thermal limits of Nucella canaliculata populations originating from different regions. In particular, we predicted that N. canaliculata populations originating from hot spots with higher potential thermal stress (Oregon) have evolved greater tolerance of high temperatures than those from less thermally stressful sites (central California). To evaluate the intrinsic genetic differences in thermal tolerance among populations, snails were reared through 2 generations in the laboratory under a common garden environment to reduce the potential for non-genetic effects such as thermal history, maternal effects, and developmental plasticity to influence thermal tolerance. We focused on the upper thermal limits of newly hatched juvenile snails, because previous work has suggested that these early life stages are particularly vulnerable to environmental stress in Nucella and other intertidal invertebrates (Gosselin & Chia 1995 , Gosselin & Qian 1997 .
MATERIALS AND METHODS
Rearing F1 snails. We collected Nucella canaliculata egg capsules from 7 wave-exposed, rocky intertidal sites in 3 regions: central California (n = 2), northern California (n = 2), and Oregon (n = 3; Fig. 1 ). These regions were known to differ in potential thermal stress (Helmuth et al. 2002) , but sites within regions were selected haphazardly without specific knowledge of local thermal regimes. To standardize wave exposure, our collection areas were all surf-pounded, mid-intertidal beds of the mussel Mytilus californianus, with the sea palm Postelsia palmaeformis (an indicator of high wave exposure; Paine 1979) present at all sites except Strawberry Hill, Oregon. During May to August 2005, we visited each site and collected 7 to 8 independent sets of capsules from mussel bed habitats at approximately 0.6 m above Mean Lower Low Water (MLLW) and from > 50 m of shore (to ensure that capsules were produced by different females). Capsules were placed in small containers with mesh sides (Perma Brew tea strainers, Upton Tea Imports) and were submerged in running seawater at Bodega Marine Laboratory until hatching occurred (June to October 2005). For each lineage (i.e. independent set of egg capsules), 50 hatchling snails (F1 generation) were haphazardly selected and transferred to a new mesh-sided strainer. Hatchlings were initially fed a diet of newly recruited 1 to 2 mm blue mussels M. trossulus. These small blue mussel recruits were obtained by sorting through clumps of juvenile M. trossulus that were collected regularly from the central Oregon coast. As juvenile snails grew, they were transferred to 1 l containers and were fed progressively larger M. trossulus. To ensure that individuals did not mate with siblings, sexually immature snails were divided by sex during winter 2006 and transferred into 2 separate containers for each lineage (i.e. 1 for males, 1 for females).
Breeding F1 snails. F1 snails reached sexual maturity in approximately 9 mo, and within-population crosses were established in May 2006. Because snails were successfully raised to maturity from 6 to 8 independent sets of egg capsules from each of the 7 populations, we had a sufficient number of lineages to create 15 to 28 unique non-sibling crosses within each population. Each of these crosses was replicated 1 to 5 times for a total of around 40 breeding pairs per population (total n = 274 breeding pairs). Breeding pairs were randomly assigned to independent 1 l plastic containers arranged on indoor sea tables at Bodega Marine Laboratory. Each container received water from an independent water line inserted through the lid of the container. Snails were fed Mytilus trossulus and were maintained under a light schedule that changed monthly to match the ambient light schedule at Bodega Bay. Females attached egg capsules to the walls of the 1 l containers, and these capsules were left in place during early development. Later in development, we transferred the capsules to mesh-sided strainers so that juvenile snails (F2 generation) would be contained after hatching. In the laboratory, the time between egg capsule production and hatching was approximately 10 wk.
The F1 were used in this study. Thermal tolerance trials were conducted on 6 to 11 independent snail lineages from each population originating from northern California and Oregon. Trials were conducted on only 3 independent lineages from the 2 central California populations due to limited availability of egg capsules from these populations. All F1 and F2 snails were kept submerged throughout their lifetimes, and water temperatures in the sea tables were recorded at 30 min intervals by temperature dataloggers (TidbiT, Onset Computer).
Thermal tolerance trials on F2 snails. In laboratory trials, a thermal gradient between 28 and 38°C was established using a 180 × 10 × 6 cm (L × W × H) aluminum bar with 1 end connected with tubing to a recirculating cool water bath and the other end warmed by an internal heater (Fig. 2) . The temperatures of the water bath and heater were both maintained at set levels by electronic controllers and thus a stable thermal gradient was achieved along the length of the bar. The aluminum bar was drilled with 124 holes (31 lengthwise × 4 widthwise) into which 2.0 ml flat-top microcentrifuge tubes fit exactly. Within 3 to 7 d of hatching, F2 juvenile snails from 1 to 3 lineages were tested simultaneously during each trial. Prior to each trial, snails were inspected under a dissecting microscope, and only snails that appeared healthy and active were tested. For each snail lineage, 12 microcentrifuge tubes each containing 4 sibling snails submerged in fresh seawater were placed along the length of the aluminum bar. Although intertidal organisms are often thermally stressed during aerial exposure, the thermal tolerance of intertidal organisms is generally quantified in water to avoid the confounding effects of desiccation on mortality (McMahon 1990 , Tomanek & Somero 1999 , Stillman & Somero 2000 . A piece of mesh (125 µm) was positioned at the upper third of each microcentrifuge tube to prevent snails from crawling to the air-water interface in the caps of the tubes and to eliminate the potential for evaporative cooling by the snails. A set of reference tubes containing only seawater was placed in holes alongside the experimental tubes containing the snails. Temperatures inside the tubes at each position along the bar were measured by inserting the thermocouple of a digital thermometer (Model HH502, Omega Engineering) through small holes punctured in the caps of the reference tubes.
Once the tubes were placed in the bar, each trial lasted 3 h. Temperature was ramped up from ambient during the first 2 h and allowed to stabilize at the target temperature during the third hour. This time course was selected to approximate a realistic duration and trajectory of heating as recorded by intertidal temperature dataloggers placed at 0.7 m above MLLW at Strawberry Hill, Oregon, during 1996 to 1998 (E. Sanford unpubl. data). Temperatures in the reference tubes were measured repeatedly every 10 min during the last hour, and the maximum temperature recorded at each position was used for later analyses of the upper thermal limits (see 'Statistical analyses'). Following each trial, the microcentrifuge tubes containing the snails were immersed in flow-through seawater at ambient temperature during a 24 h recovery period. Snails were then inspected under a dissecting microscope, and individuals that did not exhibit an opercular reflex (rapid and complete withdrawal into shell) upon stimulation by a sharp probe on the foot were scored as dead.
Results from pilot studies confirmed that snails scored as dead under this protocol did not revive when given longer recovery periods. The shell lengths (from apex to siphonal canal) of all snails were measured with an ocular micrometer under a compound microscope.
Since juvenile snails hatched from egg capsules sporadically during the study period (June 2007 to September 2008), thermal tolerance trials were conducted over different seasons as hatchlings became available. As a result, minor variations in water temperatures in the weeks just prior to testing could have influenced the thermal tolerances of hatchlings (e.g. via differential acclimation). To test this possibility, we analyzed whether the upper thermal limits of the snails varied as a function of the mean water temperatures of the sea tables during the 4 wk prior to the laboratory trials (hereafter pre-trial water temperatures; see 'Statistical analyses').
Midday low tide exposure. We characterized the thermal regimes at the 7 collection locations using methods modified slightly from Helmuth et al. (2002) . Nucella canaliculata have a fairly broad reproductive season that can vary among sites, but egg capsules can be found reliably at all 7 sites during June (E. Sanford unpubl. data). We therefore focused on conditions during the summer months (June to August), when hatchling snails are present at all sites. We calculated the cumulative hours of midday (10:00 to 14:00 h) exposure during summer low tides at 6 stations with available tidal predictions in the vicinity of our collection sites (within 20 km) using the WWW Tide Predictor program (http://tbone.biol.sc.edu/tide/; Table 1 ). Tidal height predictions were calculated at 10 min intervals. Since the F1 snails used in this experiment emerged from egg capsules collected at 0.6 m above MLLW, estimates of all low tides with still tidal height below 0.6 m were included in this analysis. We used tidal predictions for the 25 yr before the egg capsules were collected (1980 to 2004) to characterize the exposure to midday low tides encountered by N. canaliculata populations at their locations of origin.
Statistical analyses. For each thermal tolerance trial on a snail lineage, a logistic regression was fitted to the proportion of dead snails at each temperature (the maximum temperature recorded at each position along the aluminum bar). The acute lethal temperature at which 50% of the snails died (LT 50 ) was estimated using the reverse prediction function (based on maximum likelihood estimates) in JMP (version 5.0, SAS Institute). A mixed model nested analysis of variance (ANOVA) was then used to test for differences in LT 50 values among snail populations. Region (central California, northern California, and Oregon) was treated as a fixed effect, site nested within region [site(region)] was classified as a random effect, and the independent snail lineages were replicates within each site. The restricted maximum likelihood (REML) method in JMP was used for the ANOVA, since this method provides more reliable estimates of variance in unbalanced designs (Quinn & Keough 2002) . A Tukey HSD test on least-squares means was used for post hoc multiple comparisons among the 3 regions. Least-squares means were used due to unequal sample sizes. Differences in shell lengths between dead and surviving snails in each snail lineage trial, and among snails from different source populations, were analyzed using t-tests and a 1-way ANOVA, respectively. Shell lengths were not significantly different between dead and surviving snails or among populations (see 'Results'); thus analysis of covariance (ANCOVA) using snail size as a covariate was not used in testing for differences in LT 50 values among populations.
A 1-way ANOVA was used to test whether the 7 snail populations experienced different pre-trial water temperatures. Linear regressions were performed between the LT 50 values of each independent snail lineage from the northern California and Oregon populations and their respective pre-trial water temperatures, to evaluate whether the hatchlings' upper thermal limits were correlated with water temperatures experienced during the 4 wk prior to the laboratory trials. This analysis was not conducted for the 2 central California populations due to low replication (n = 3).
The correlation between the LT 50 values of the snail populations and the mean cumulative midday exposure at their locations of origin during the summer months was analyzed using a linear regression. Statistical analyses were not used to compare cumulative summer midday low tide exposure among sites because the values predicted for different years were temporally autocorrelated and not independent. We confirmed that the ANOVA assumptions of normality and homogeneity of variance were met in all analyses, and all statistical analyses were performed in JMP.
RESULTS
There were significant differences in the LT 50 values of Nucella canaliculata originating from different regions (F 2, 4 = 7.34, p = 0.046; Table 2 The mean water temperatures of the sea tables during the 4 wk prior to the laboratory trials varied between 9.69 and 13.63°C (mean ± SE = 12.20 ± 0.02°C). Snail populations tested did not experience different pre-trial water temperatures (ANOVA, F 6, 42 = 0.50, p = 0.80). Moreover, within snail populations, there was no evidence that LT 50 values were correlated with pre-trial water temperatures (separate regressions for all populations from northern California and Oregon; p > 0.05).
Consistent with findings by Helmuth et al. (2002 Helmuth et al. ( , 2006 , patterns of tidal exposure varied among the 3 regions. During the summer months when hatchling snails are present, sites in Oregon had longer cumulative durations of exposure to midday low tides compared to sites in northern and central California (Fig. 4) . However, the relationship between the LT 50 values of the snail populations and the cumulative exposure to summer midday low tides at their locations of origin was not significant (linear regression, p = 0.33).
DISCUSSION

Genetic basis of differential thermal tolerance
Our results demonstrated that upper thermal limits differed significantly among populations of Nucella canaliculata, and counter-intuitively, snails from central California were less heat tolerant than their conspecifics from higher-latitude populations (Oregon). These intraspecific differences likely have a genetic basis, because thermal tolerance was quantified in snails reared in a common laboratory environment through 2 generations. Moreover, both F1 and F2 snails were kept submerged throughout their lifetimes, thereby eliminating prior exposure to periods of thermal stress that might induce plastic variations in the thermal tolerance of the snails. There was no evidence that LT 50 values were related to variation in pre-trial water temperature in the laboratory, and indeed these temperatures varied relatively little in this study. Thus, we assume that differential acclimation by the hatchling snails had minimal influence on the thermal tolerances of snails tested on different dates. An additional assumption of our study (and most common garden experiments) is that environmental conditions at Bodega Marine Laboratory did not induce patterns of genetically-based phenotypic variation different from those present in nature (Kawecki & Ebert 2004) .
Although genetically-based differences in growth rates are known to occur among populations of some marine invertebrates and fishes (Levinton & Monahan 1983 , Lonsdale & Levinton 1985 , Conover et al. 2006 ), this study is among the first to report intraspecific dif- Table 1 ). Sites are coded by the abbreviations shown in Fig. 1 ferences in the upper thermal limits of a marine organism that appear to be genetically based. Previous work has documented variations in temperature tolerance among populations of marine species (Clarke et al. 2000 , Sokolova et al. 2000 , Davenport & Davenport 2005 , Fangue et al. 2006 ), but most of these studies were not designed to distinguish between phenotypic plasticity and genetic differentiation. Although some of these studies inferred genetic differentiation among populations based on life history traits and molecular data, or held field-collected animals in the laboratory to standardize acclimation (Sokolova et al. 2000 , Fangue et al. 2006 , the potential influence of maternal effects or irreversible, non-genetic developmental plasticity could not be eliminated (Kinne 1964 ). To date, other studies that have reared animals through multiple generations under common garden environments to test for a genetic basis in differential temperature tolerance have used terrestrial insects such as fruit flies (Drosophila spp.; reviewed by Hoffmann et al. 2003b ) and the pitcher-plant mosquito Wyeomyia smithii (Bradshaw et al. 2004 ). Helmuth et al. (2002 Helmuth et al. ( , 2006 observed that thermal stress on intertidal organisms does not increase as a simple function of decreasing latitude. Instead, the timing of extreme low tides relative to midday hours varies geographically in a complex manner such that some northern locations (e.g. Oregon) can be more thermally stressful than more southern sites (e.g. central California). We propose an extension of this finding and hypothesize that selection imposed by persistent variation in tidal regimes and thermal stress may leave an evolutionary signature on the thermal tolerance of some intertidal organisms. This may help to explain the counter-intuitive pattern observed in this study, in which Nucella canaliculata originating from more northerly locations (Oregon) were more tolerant of high temperatures than conspecifics from the more southerly sites (central California).
Latitudinal variation in intertidal thermal stress and tolerance
Our analysis of tidal predictions confirmed that, for the intertidal height relevant to Nucella canaliculata, some northern locations (Oregon) experience longer summer midday low tide exposure than those in central California. However, the overall correlation between the upper thermal limits of the snail populations and the predicted cumulative midday exposure at their locations of origin was non-significant. Clearly, timing of low tide exposure is only one of many environmental factors that contribute to variation in thermal stress among sites. Other factors such as air temperature, solar radiation, substrate angle, wave splash, and fog may also modify local conditions to determine the thermal stress experienced by organisms in the field . Geographic variation in potential thermal stress experienced by intertidal mussels has been estimated using a biophysical model that combines an energy balance equation with data from terrestrial meteorological stations, marine buoys, satellite observations, and tidal predictions ). An analogous model could be developed in the future to estimate regional variation in the body temperature of intertidal snails. Ideally, this model would also incorporate the potential effect of behavioral thermoregulation, because unlike sessile species such as mussels, mobile snails may seek thermal refuges to avoid stressful conditions (e.g. Garrity 1984) .
Although a more complete characterization of thermal regimes experienced by our study populations is needed, our results are consistent with recent studies indicating that thermal stress on intertidal organisms may be more pronounced in Oregon than in central California (Helmuth et al. 2002 , Sagarin & Somero 2006 . For example, Sagarin & Somero (2006) surveyed 20 sites between Baja California, Mexico, and Vancouver Island, Canada, and found peak values of inducible heat-shock protein (Hsp70) expression in the congeneric snail Nucella ostrina and the mussel Mytilus californianus in central Oregon (around 45°N latitude), and reduced Hsp70 expression in both species between central California and southern Oregon. In contrast, Sorte & Hofmann (2004) found significantly higher levels of Hsp70 expression in N. canaliculata collected from central California (Piedras Blancas and Soberanes Point) compared to those collected from central Oregon (Strawberry Hill and Fogarty Creek), suggesting that central California snails were more physiologically stressed than central Oregon snails.
These discrepancies between the heat-shock protein studies may be due to different sampling months when the organisms were collected from the field. Sorte & Hofmann (2004) Helmuth et al. (2006) that recorded maximum temperatures in central California in April and central Oregon in July. Heat-shock protein expression has been shown to exhibit high plasticity based on an organism's thermal history, usually reflecting the level of heat stress encountered by the individual prior to collection (Buckley et al. 2001 , Osovitz & Hofmann 2005 . It is therefore possible that organisms in central California expressed higher levels of Hsp than their counterparts from Oregon during spring (when Sorte & Hofmann [2004] collected their samples), while organisms in Oregon expressed higher levels of Hsp than organisms in California during the summer (when Sagarin & Somero [2006] conducted their surveys). These considerations highlight the complexity of characterizing geographic and seasonal variations in thermal stress.
Implications for predicted impacts of climate change
Our study adds to the growing body of empirical evidence, primarily from terrestrial systems, cautioning against the assumption that species have homogeneous physiological traits throughout their ranges (Davis & Shaw 2001 , Aitken et al. 2008 , O'Neill et al. 2008 . Understanding how environmental stress tolerances vary among populations is especially important for predicting the effects of climate change on species comprised of populations that are locally adapted to abiotic conditions. For these species, subpopulations will likely be able to persist under only a portion of the full range of environmental conditions experienced by the species as a whole. Therefore, models that define a species' climate envelope using current distribution data may underestimate climate change effects on locally adapted species, because the climate envelopes of individual populations are narrower than that of the entire species (Harte et al. 2004 , Aitken et al. 2008 . Meanwhile, mechanistic models that define a species' climate envelope using physiological measurements derived from individuals from one or a few populations may underestimate extinction risk if these organisms originated from more stress-tolerant populations, and vice versa (Kearney & Porter 2004 , O'Neill et al. 2008 .
Although some have recognized the importance of heterogeneous tolerances among populations across a species' range (Davis & Shaw 2001 , Harte et al. 2004 , Aitken et al. 2008 , O'Neill et al. 2008 ), a common expectation based on a simple latitudinal temperature gradient is that populations from low latitudes will be the most thermally tolerant due to local adaptation to warmer conditions (Davis & Shaw 2001 , Aitken et al. 2008 . However, thermal stress can vary non-linearly with latitude in intertidal habitats (Helmuth et al. 2002 , and our data suggest that the upper thermal limits of Nucella canaliculata can also vary among geographically separated populations in a complex manner. In particular, snails originating from the southern range edge (central California) were the least tolerant of high temperatures, whereas populations from higher latitudes (Oregon) were more warm-adapted. A non-monotonic distribution of thermally tolerant genotypes among genetically differentiated populations along a latitudinal gradient may alter our predictions of climate change effects on the extinction risks of populations distributed in different parts of the species' range.
In response to global warming, extinction risks are generally expected to be highest at the rear edge (low latitude locations) of a species' geographic range (Davis & Shaw 2001 , Parmesan 2006 , Aitken et al. 2008 . However, Helmuth et al. (2002) suggested that episodes of mortality of intertidal organisms will be more likely at some northern 'hot spots' well within the species' range, rather than at low latitudes, due to the mosaic pattern of thermal stress along the coast. Results from this study further suggest that in the near term, species like Nucella canaliculata may be less vulnerable to localized mortality events due to evolutionary adaptation to current conditions, compared to broadly-dispersing species like the mussel Mytilus californianus, which have little genetic differentiation among populations (Addison et al. 2008 ). However, if thermal stress conditions exceed the limits of evolutionary adaptation (Hoffmann et al. 2003a) , or if the rate of global warming outpaces the rate of evolutionary change in thermal tolerance (Etterson & Shaw 2001 , Aitken et al. 2008 , N. canaliculata populations in northern hot spots will also become susceptible. Moreover, if the spatial extent of mortality events was large relative to the maximum dispersal distance of N. canaliculata, a rescuing effect by dispersal from other populations might be impeded, resulting in more persistent local extinction . M. californianus, on the other hand, has high population connectivity and could potentially recolonize the temporary extirpated areas with propagules from populations in 'cold spot' refugia. Even if the hot spots were colonized by dispersers from other N. canaliculata populations, the source of these colonizers would be critical for population persistence at these locations. Whereas the dispersal of warmadapted genotypes to these areas might be beneficial, colonization of the hot spots by less thermally tolerant individuals adapted to cold spots might be maladaptive (Aitken et al. 2008) . Given these considerations, increased attention to the geographic distribution of environmental tolerance traits will likely improve our ability to predict the effects of climate change on species with diverse life histories and dispersal potentials. 
